The effects of the Akt inhibitor perifosine and the RAF/MEK/ERK inhibitor sorafenib were investigated using two CD30
INTRODUCTION
First-line chemo-radiotherapy leads to cure rates approaching 90 and 80% in classical Hodgkin lymphoma (cHL) patients with earlyand advanced-stage disease, respectively. 1, 2 However, 10% of patients with early-stage and 20% of those with advanced-stage disease show primary refractoriness to standard chemotherapy, and an additional 10-20% of patients ultimately relapse after achieving complete remission with standard-dose chemotherapy. High-dose chemotherapy followed by autologous and eventually allogeneic stem cell transplantation represents a second chance for a cure for refractory or relapsed patients. However, the majority of primary refractory patients and 50% of relapsed patients have low survival rates. 3, 4 Thus, chemotherapy-refractory or -resistant patients represent an unmet medical need requiring new therapies. 5 Recently, encouraging results were reported with the anti-CD30 antibody-drug conjugate Brentuximab Vedotin. 6 In addition, the histone deacetylase inhibitor panobinostat, the mTOR inhibitor everolimus, cytotoxic T-lymphocytes in Epstein-Barr virusassociated cases and the immunomodulatory drug lenalidomide have all been tested for their anti-cHL activity. 5 However, to date, phase I/II clinical studies investigating targeted agents as single molecules have shown limited antitumor activity. [7] [8] [9] Although the exact molecular mechanisms leading to cHL transformation remain unclear, several signaling pathways, including the mitogen-activated protein kinase (MAPK), PI3K/AKT/mTOR, nuclear factor-kappaB, Jak/STAT, and Notch-1 pathways, are deregulated in Reed-Sternberg cells, [10] [11] [12] , and their simultaneous targeting might result in enhanced antitumor effects.
The alkylphospholipid perifosine is an oral Akt inhibitor that is currently in phase III clinical trials 13, 14 , and has been shown to inhibit Akt 15 as well as MAPK. 16 Perifosine has also been shown to induce synergistic tumor cell death in combination with etoposide, 17 UCN-1 18 and histone deacetylase inhibitors. 19 Sorafenib (Nexavar, BAY43-9006) is a multikinase inhibitor that targets RAF kinase, vascular endothelial growth factor receptor-2, platelet-derived growth factor-a and -b, and c-KIT to deliver antiproliferative, proapoptotic and antiangiogenic effects on a variety of solid tumors and hematopoietic malignancies. 20, 21 The aim of the present study was to investigate the preclinical rationale for the use of perifosine/sorafenib in cHL by analyzing the activity and mechanism(s) of action of these molecules both in vitro and in vivo. Our data demonstrate that perifosine/sorafenib combination induced specific gene expression profiling and signaling changes that were associated with a significant enhancement in the antitumor activities of the two-drug combination compared with single-agent treatment.
Cell lines L-540, 22 HDLM-2 23 and HD-MyZ 24 
Cell cycle analysis
Cells were cultured under appropriate conditions for 48 h, fixed in 70% ethanol and then stained with 2.5 mg/ml PI (Calbiochem, Darmstadt, Germany). Cell cycle was measured using a (fluorescence activated cell sorter)Calibur flow cytometry system (BD) and analyzed using the FlowJo software (Tree Star, Inc. Ashland, OR, USA).
Measurement of DC m
Mitochondrial membrane depolarization was determined using the fluorescent probe tetramethylrhodamine ethyl ester (Invitrogen, Milan, Italy, EU), and analyzed by flow cytometry. 27 
Measurement of reactive oxygen species (ROS)
Oxidative damage was assessed by staining with the membrane permeable dye, dihydroethidium (Invitrogen), which is oxidized to ethidium in the presence of ROS, intercalates within double-stranded DNA, and then fluoresces maximally at 600 nm.
27 Cells (0.4 Â 10 6 /ml) were stained at a final concentration of 5 mM HE for 30 min at 37 1C.
Subcellular fractions and western blot analysis
Immunoblot analysis was performed using antibodies to apoptosisinducing factor, Cytochrome c, Mcl-1, caspase-8, pMEK, pERK1/2, pAKT(T308), pS6 (Cell Signaling, Danvers, MA, USA), caspase-3 (Santa Cruz, San Diego, CA, USA), caspase-9, poly(ADP-ribose)polymerase (BD), and tribbles homology 3 (TRIB3) (Sigma-Aldrich, Milan, Italy, EU). Mitochondrial and cytosolic fractions were obtained using a Mitochondria/Cytosol Fractionation Kit (Biovision, Milpitas, CA, USA). Densitometry was performed using ImageJ software (http://rsb.info.nih.gov/ij/).
Phospho-kinase proteome profiler array
The human phospho-kinase array proteome profiler (R&D) was used to assess the basal phosphorylation levels of the Akt pathway (for details, see Supplementary Material).
Genome-wide expression profiling RNA integrity and purity of treated cells was assessed using Bioanalyzer (Agilent Technologies, Milano, Italy, EU). Hybridization was performed on Illumina Bead Chip HumanHT-12_v3 Microarrays (Illumina, San Diego, CA, USA). The expression profiles was deposited in NCBI's Gene Expression Omnibus GSE31060. Data were analyzed with BeadStudio Illumina software and Ingenuity Pathway Analysis (www.ingenuity.com) (for details, see Supplementary Material).
Quantitative reverse transcription-PCR TRIB3, DDIT4, CCNE1, CDC25A, and PLEKHF1 genes, were analyzed with TaqMan isoform-specific probe (Applied Biosystems, Foster City, CA, USA), and referred to b2-microglobulin as housekeeping gene, using the DDCt method (for details, see Supplementary Material).
siRNA gene silencing L-540 cells were transfected with 100 nM of either Hs_TRIB3 FlexiTube small interfering RNA (siRNA) or the negative-control siRNA premix reagent (Qiagen, Milano, Italy), according to the instructions of the manufacturer. The cells (0.4 Â 10 6 /ml) were plated and transfected with the given siRNAs. After 24 h, the cells were treated with perifosine and sorafenib as indicated. Gene silencing effects were evaluated by western blot and viable cell counting, as described above, after 48 and 72 h of drug treatments, respectively.
Activity of perifosine/sorafenib in tumor-bearing nonobese diabetic/severe combined immunodeficient mice Six-to eight-weeks-old nonobese diabetic/severe combined immunodeficient mice with a body weight of 20-25 g were purchased from Charles 6 cells/ mouse), and 3 days after tumor injection were randomized to receive perifosine (7.5 mg/kg/mouse, per os, 5 days/weeks, for 5 weeks) and/or sorafenib (60 mg/kg/mouse, intraperitoneally (IP), 5 days/weeks, for 5 weeks) or control vehicle. Activity of drug combination was also analyzed in subcutaneous xenograft models. HD-MyZ (5 Â 10 6 cells/ mouse), L-540 and HDLM-2 (25 Â 10 6 cells/mouse) cells were inoculated into the left flank of each mouse. When tumor volume reached B100 mg in weight, mice were randomly assigned to receive either a short-or longterm treatment. The short-term treatment consisted of perifosine (30 mg/ kg/mouse for 5 days) and/or sorafenib (90 mg/kg/mouse for 5 days, IP) and was used to assess tumor necrosis and apoptosis. For the long-term treatment, 7 and 11 days following L-540 and HDLM-2 cell inoculation, respectively, mice were treated with perifosine (15 mg/kg/mouse, 5 days/ week for 3 weeks) and/or sorafenib (30 mg/kg/mouse for 5 days/week for 3 weeks). Tumor weights were calculated using the following formula: (a Â b 2 )/2, where a and b represent the longest and shortest diameters, respectively. Tumor growth inhibition was defined as (1 À (T/C) Â 100), where T and C represent the mean tumor weight in the treated and untreated control groups, respectively. Each experiment was performed on at least two separate occasions, using five mice per treatment group.
Histological analysis of tumor nodules
Sections from formalin-fixed, paraffin-embedded tumor nodules were stained with hematoxylin and eosin. Apoptosis and tumor necrosis were detected using TdT-mediated dUTP nick end-labeling (TUNEL) staining (Roche, Milano, Italy, EU).
Immunofluorescence and confocal microscopy Epitope retrieval on formalin-fixed, paraffin-embedded nodules was performed with 10 mM Sodium citrate buffer. Sections were initially incubated with rabbit anti-human DDIT4 (1:50) and anti-TRIB3 (1:100) (Sigma-Aldrich) antibodies and subsequently with the appropriate Alexa Fluor 568-conjugated secondary antibody (Invitrogen). Finally, sections were incubated with TO-PRO-3 nuclear dye (1:10 000) (Invitrogen), and examined under an epifluorescent microscope equipped with a laser confocal system (MRC-1024, Bio-Rad Laboratories, Milan, Italy). Image processing was carried out using LaserSharp computer software (Bio-Rad Laboratories). 28 
Analysis of stained sections
Image analysis was carried out using the open source ImageJ software. 
Statistical analysis
Statistical analysis was performed with the statistical package Prism 6 (GraphPad Software, San Diego, CA, USA) using a Macintosh Pro personal computer (Apple Computer Inc.). To test the probability of significant differences between untreated and treated samples, a two-way analysis of variance was used, and individual group comparisons were evaluated using a Bonferroni post-test. Survival curves were created using the product limit method of Kaplan-Meier, and survival differences were compared using the logrank test. TUNEL staining data were statistically analyzed using one-way analysis of variance , and individual group comparisons were evaluated using a Bonferroni post-test. Differences were considered significant at the level of Pp0.05. Interaction between perifosine and sorafenib was analyzed using the median dose analysis of Chou and Talalay. 29 Normalized isobolograms and combination indexes for non constant drug ratios were obtained by the CalcuSyn software (Bio-Soft Inc. Cambridge, MA, USA). Combination index values o1.0 indicate a synergistic interaction.
RESULTS
Inhibition of MAPK and Akt pathways is strongly enhanced by the perifosine/sorafenib combination treatment HD-MyZ, L-540 and HDLM-2 cell lines were initially characterized for their baseline levels of the phosphorylation of relevant targets in the AKT pathway ( Figure 1a ). Interestingly, HDLM-2 cells showed low basal levels of phospho-Akt and p-p70S6K compared with HD-MyZ and L-540 cells, which highlights a potential difference between these lines in terms of their response to inhibitors of this pathway. 30 In fact, treatment of cells with single agents resulted in a partial inhibition of target phosphorylation in HD-MyZ and L-540 cells, but not in HDLM-2 cells (Figure 1b) . In contrast, the combined treatment resulted in an almost complete inhibition of target phosphorylation in HD-MyZ and L-540 cell lines: the levels of phospho-Akt were reduced by 80% in both cell lines, those of p-ERK were reduced by 43 and 86% in the HD-MyZ and L-540 cell lines, respectively, and the expression of Mcl-1 was almost completely abrogated in both cell lines. Once again, no effect could be detected in the HDLM-2 cell line (Figure 1b) . Venn diagram analysis (Figure 2b ) of significantly modulated genes indicated a dominant role for sorafenib in changing gene expression levels, with less impact by perifosine, in all three cell lines. In fact, as shown by the Venn diagrams, (Figure 2b ) sorafenib modulated a larger number of genes than perifosine, and most of the genes that were modulated by the 'sorafenib only' treatment remained modulated even in the perifosine/sorafenib combination. However, in all three cell lines, the Venn diagram analysis identified genes that were also significantly modulated by the perifosine/sorafenib combination (Figure 2b lower right circles, bold underlined numbers in each Venn diagram and Supplementary Table 1a-c for the identity and fold change values of all significantly modulated genes). Volcano plots of the latter subsets of genes indicated that only a small group of these genes underwent a strong modulation (that is , a fold change41.5) following perifosine/sorafenib treatment (Figure 2c ). Ingenuity pathway analysis of the genes that were significantly modulated by the perifosine/sorafenib combination (Supplementary  Table 2a -c) was also performed. In HD-MyZ cell line, the most up and downregulated genes (indicated in bold red or green in Supplementary Table 2a, respectively) were part of interacting networks, and/or had functions related to cellular movement, cell cycle and cell death, DNA replication, cellular growth and proliferation. In this cell line, genes inhibited by the perifosine/ sorafenib combination were part of canonical pathways regulating cell cycle progression (Supplementary Table 2a ). In the same cell line, we then searched for genes that showed enhanced modulation following perifosine/sorafenib combined treatment compared with single-agent treatment. Some of these genes, including DDIT4/REDD1, a negative regulator of mTOR pathway (Supplementary Figure 1a) , 31 were validated by reverse transcription-PCR (Supplementary Figure 1b) and confocal microscopy on tumor nodules treated with the inhibitors (Supplementary Figure 1c) . Interestingly, only one of these genes, TRIB3, a 45-KDa pseudokinase that binds to and inhibit both Akt 32 and MAPK Kinases, 33 was significantly modulated by the combined treatment in the two most responsive cell lines (HD-MyZ and L-540, Figure 2c ), which suggested a potential role for this gene in the antitumor effect of the combined treatment.
Perifosine/sorafenib-mediated antitumor effect involves TRIB3 upregulation Whereas, baseline levels of TRIB3 expression were negligible in all cell lines, the combined perifosine/sorafenib treatment resulted in a significant enhancement of TRIB3 expression in HD-MyZ and (Figure 3a) . To define whether the antitumor activity of the combined perifosine/ sorafenib treatment required the upregulation of TRIB3, we silenced the expression of TRIB3 using TRIB3 siRNA and then examined cell sensitivity to the perifosine/sorafenib combined treatment. By western blotting, we detected substantially reduced levels of TRIB3 (43% reduction) in L-540 cells transfected with TRIB3 siRNA compared with control siRNA-transfected cells (Figure 3b) , which led to a 50% increase in cell viability after perifosine/sorafenib combined treatment (Figure 3c ). These results indicate that TRIB3 upregulation is involved in the antitumor effect of perifosine/sorafenib. Perifosine/sorafenib treatment reduces cell proliferation and triggers caspase-independent cell death To better define the effects of simultaneous Akt and ERK inhibition at the cellular level, we assessed cell proliferation and cell death in cell lines that were treated with the perifosine/sorafenib combination. A 72 h exposure to the perifosine/sorafenib combination significantly reduced the absolute numbers of viable cells only in HD-MyZ and L-540 cells (by 40 and 74%, respectively), but not in the HDLM-2 cell line (Figure 4a ), compared with the exposure to single agents. Cell cycle analysis indicated that exposure to the perifosine/sorafenib combination significantly increased the percentages of cells in G2/M phase (HD-MyZ cell line) or induced G0/ G1 cell cycle arrest (L-540 cell line), although no significant cell cycle changes could be detected in the HDLM-2 cell line (Figure 4b ). Upon exposure to the perifosine/sorafenib combination, the L-540 cell line (but not the HD-MyZ and HDLM-2 cell lines) showed a significant increase in cell death compared with the exposure to single agents (control: 19±3%, perifosine: 49 ± 3%, sorafenib: 49 ± 8%, combination 74 ± 4%, Po0.0001) (Figure 4c ). Median dose-effect analysis of cell death following exposure of L-540 to perifosine and sorafenib for 48 h in a range of pharmacologically achievable concentrations yielded combination indices well below 0.8, indicating synergistic interactions ( Supplementary Figure 2a and b) .
The mechanism of perifosine/sorafenib-induced cell death was then investigated in detail in L-540 cells. The combination of these Figure 5 . Exposure to the perifosine/sorafenib combination results in a marked increase in mitochondrial injury and caspase-independent cell death. (a) L-540 cells were treated with perifosine (5 mM) and/or sorafenib (5 mM) in the absence or presence of Z-VADfmk (50 mM). Treatment with the caspase inhibitor Z-VADfmk was initiated 1 h before the addition of perifosine and sorafenib. After 72 h, loss of mitochondrial potential (DC m ) was measured using tetramethylrhodamine ethyl ester staining and flow cytometry. Shown are representative dot plots of mitochondrial membrane depolarization. KMS-11 cell line exposed to sTRAIL 10 ng/ml was used as positive control for mitochondrial depolarization inhibition after Z-VADfmk treatment. (b) L-540 cells were exposed to 5 mM sorafenib and 5 mM perifosine alone or in combination for 48-72 h, after which point the mitochondrial and cytosolic fractions were obtained and subjected to western blot analysis to monitor conformational changes in Bax, release of cytochrome c and apoptosis-inducing factor (AIF). The purity of the mitochondrial and cytosolic fractions was determined by western blot analysis using an anti-HSP60 antibody. (c) HD-MyZ, L-540 and HDLM-2 cells were treated with perifosine (5 mM), sorafenib (5 mM) or both for 48 h. Whole-cell lysates were obtained, and western blot analysis was used to monitor caspase cleavage/activation and poly(ADP-ribose)polymerase degradation. Cf indicates cleaved fragments. (d) L-540 cells were pretreated with 50 mM Z-VADfmk for 1 h and then treated with 5 mM perifosine±5 mM sorafenib for 48 h. Following the treatments, cell death was assayed by flow cytometry using Annexin V/PI double staining. KMS-11 cell line exposed to sTRAIL 10 ng/ml was used as positive control for mitochondrial depolarization inhibition after Z-VADfmk treatment. *Po0.0001 in comparison with sorafenib alone, 1Po0.001 in comparison with perifosine alone. Mean ( ± s.e.m.) values refer to three independent experiments. two inhibitors led to a marked mitochondrial depolarization (up to 80%), which was observed even in the presence of the pancaspase inhibitor Z-VADfmk (Figure 5a ). Treatment with perifosine or sorafenib resulted in the mitochondrial translocation of Bax, and this effect was strongly enhanced by the combined treatment (Figure 5b) . Moreover, the association of the two inhibitors led to a marked increase of apoptosis-inducing factor and cytochrome c release in the cytosol (Figure 5b) . Interestingly, the two inhibitors, used either alone or in combination, failed to induce either caspase activation (caspase 8, 9 or 3) or poly(ADP-ribose)polymerase cleavage in L-540 cells (Figure 5c ). Furthermore, Z-VADfmk did not inhibit perifosine/sorafenib-induced cell death (Figure 5d) , indicating a nonapoptotic mechanism of cell death.
Therefore, we investigated whether the programmed necrosis, necroptosis, was involved in perifosine/sorafenib-induced cell death by performing blocking experiments using the RIP1 kinase inhibitor Necrostatin-1, 34 a powerful tool allowing to detect programmed necrosis. 35 When L-540 cells were treated with perifosine/sorafenib in the presence of Necrostatin-1, cell death was completely prevented (Supplementary Figure 3a) . Additionally, Necrostatin-1 almost completely prevented perifosine/sorafenib-induced production of ROS, as well as TRIB3 induction ( Supplementary Figure 3b and c) . In order to elucidate the role of TRIB3 in ROS generation, we also assessed ROS generation after transfecting perifosine/sorafenib-treated L-540 cells with a TRIB3 siRNA. Interestingly, the concomitant exposure to TRIB3 siRNA and perifosine/sorafenib completely inhibited ROS generation by L-540 cells (Supplementary Figure 3d) . These results indicate that cell death induced by perifosine/sorafenib requires TRIB3 upregulation and ROS production, resulting in the activation of a necroptotic cell death pathway.
Combining perifosine with sorafenib enhances in vivo antitumor effects The in vivo antitumor activity of the combined perifosine/ sorafenib treatment was investigated in both systemic and localized models of human tumor xenografts in nonobese diabetic/severe combined immunodeficient mice. A model of disseminated disease using intravenously-injected HD-MyZ cells was used to analyze the treatment's effects on both toxicity and survival. No significant changes in weight or other signs of potential toxicity were observed during the treatment with perifosine, sorafenib or the combined treatment (Figure 6a ). The median overall survival of mice that were treated with perifosine or sorafenib used as single agents failed to show any statistically significant difference (Figure 6b ), whereas the perifosine/sorafenib combination resulted in a significant increase in the median survival compared with untreated controls (45 vs 81 days, Po0.0001) and mice receiving either perifosine (49 vs 81, Po0.03) or sorafenib alone (54 vs 81, Po0.007) (Figure 6b ). In addition, 15% of the mice receiving the combined treatment were alive and healthy at the end of the 200-day observation period, which strongly supports the efficacy of the combined treatment (Figure 6b ). Two models of localized disease using subcutaneous-injected L-540 and HDLM-2 cell lines were used to analyze the antitumor activity of perifosine in combination with sorafenib. In vivo treatment with either perifosine or sorafenib failed to affect the growth of L-540 nodules compared with vehicle-treated controls (2.3 ± 0.3 vs 2.8 ± 0.2 vs 2.6 ± 0.1 g, P40.5, respectively) (Figure 6c) . Despite the lack of activity of the single-agent treatments, the perifosine/sorafenib combination significantly reduced tumor growth as compared with the controls (1.5 ± 0.2 vs 2.6 ± 0.1 g, Po0.0001), the use of perifosine alone (1.5 ± 0.2 vs 2.3 ± 0.3 g, Po0.0001) and the use of sorafenib alone (1.5 ± 0.2 vs 2.8±0.2 g, Po0.0001) with tumor growth inhibition values of 42, 35 and 46%, respectively (Figure 6c ). In contrast, the in vivo growth of HDLM-2 tumor nodules was not significantly affected by perifosine or sorafenib, either used as single agents or as a combined treatment (Figure 6d) .
The extent of areas of tumor necrosis and apoptosis correlates with the in vivo antitumor efficacy of the perifosine/sorafenib combination. To elucidate the in vivo mechanism(s) of perifosine/ sorafenib-induced antilymphoma activity, an accurate quantification of tumor cell death was carried out by evaluating areas of tumor necrosis (by both hematoxylin and eosin staining and TUNEL), as well as the apoptosis of single tumor cells (TUNEL staining). Areas of tumor necrosis, as evaluated in hematoxylin and eosin-stained slides and by the quantitation of diffuse TUNEL staining (Figure 7a ), were significantly larger in both HD-MyZ and L-540 nodules following combined perifosine/sorafenib treatment than in controls and single-agent treatments (Figure 7a ). The combined treatment of HD-MyZ tumor nodules induced twofold more tumor necrosis than did single-agent treatments (39 ± 10% vs 20±3% vs 21±4%, Po0.0001), and eightfold more tumor necrosis was observed under the same conditions in L-540 nodules than with single-agent treatments (22 ± 4% vs 4 ± 2% vs 7 ± 1%, Po0.0001) (Figures 7b and c) . Interestingly, in HDLM-2 tumors that were not responsive to the combined treatment, a highly significant increase in necrotic areas was detected in sorafenib-treated mice in comparison with controls (Figure 7d ), but the combined treatment failed to promote any additional effects. Computer-aided analysis of TUNEL-stained tumor sections indicated a significant increase in the percentage of apoptotic (TUNEL þ ) tumor cells in mice bearing HD-MyZ and L-540 tumors that were treated with the perifosine/sorafenib combination compared with controls and the use of single treatments (Supplementary Figure 4a) . The combined treatment increased the percentage of TUNEL þ cells in HD-MyZ and L-540 nodules by 2.3-and 2-fold, respectively (Supplementary Figure 4b and c) , whereas no effect could be detected on HDLM-2 nodules (Supplementary Figure 4d) . Taken together, these results suggest that the in vivo antitumor efficacy of the perifosine/sorafenib treatment is associated with the promotion of neoplastic cell death, as identified by the apoptosis of single tumor cells and areas of tumor necrosis.
DISCUSSION
The cytoprotective role of MEK/ERK1/2 and Akt signaling has focused attention on the combined use of MEK and Akt inhibitors to enhance the antitumor activity of single agents. 36 Indeed, simultaneous targeting of these signaling pathways potently induces cell death in transformed cells, 37 suggesting that concomitant inhibition of the MEK/ERK1/2 pathway (for example, by sorafenib) and the Akt pathway (for example, by perifosine) may be an effective treatment option for a variety of diseases characterized by activation of the MAPK and Akt pathways. 10 We report herein that perifosine combined with sorafenib triggered a variety of antitumor effects both in vitro and in vivo, including caspase-independent necroptosis and mitochondrial injury, as well as a decreased S-phase fraction and cell viability, and tumor growth inhibition in vivo. These events required the constitutive activation of Akt and MEK/ERK1/2 pathways, and were linked to gene expression changes that led to interference with cell signaling pathways, including the inhibition of Akt, MEK/ERK1/ 2 and Mcl-1 phosphorylation. 19, 38 Although individual cell lines showed different levels of Akt and MEK/ERK1/2 activation, data supporting a genetic basis for these differences are not available.
The endogenous inhibitor of Akt, TRIB3, is known to be induced by endoplasmic reticulum stress-induced cell death, 39 and was identified as the main mediator of perifosine/sorafenib antitumor activity both in vitro and in vivo. 19, 40 In fact, TRIB3 was potently upregulated by perifosine/sorafenib treatment, whereas its depletion by siRNA significantly reduced perifosine/sorafenibinduced cell death, indicating that the activation of this pseudokinase has a major role in the mechanism of action of perifosine/sorafenib. TRIB3 regulates MAPK pathway and at high levels inhibits this pathway. 33 In addition, TRIB3 binds Akt, preventing the phosphorylation and activation of Akt. 32 TRIB3 upregulation has been linked to antitumor effects in other model systems, including hepatocellular carcinoma where cannabinoidsinduced upregulation of TRIB3 inhibits Akt and induces autophagy. 41 Thus, we hypothesize that TRIB3 overexpression may mediate the effects of perifosine and sorafenib via the simultaneous disruption of the Akt and MEK/ERK1/2 pathways, leading to pronounced Akt, ERK and Mcl-1 inactivation (Figure 8 ).
Perifosine and sorafenib used as single agents mediate CD95-dependent or -independent cell death, 42 ,43 autophagy 44,45 and caspase-dependent 46 or -independent apoptosis. 47 Such functional heterogeneity in sustaining cell death might be due to the use of different cell models. In this study, we demostrate that perifosine in combination with sorafenib induces ROS-dependent programmed necrotic cell death, necroptosis. As a consequence, necroptosis inhibition by Necrostatin-1 and TRIB3 silencing by siRNA completely prevented perifosine/sorafenib-induced ROS generation, suggesting a link between caspase-independent necroptosis and endoplasmic reticulum stress-induced cell death. 48 The existence of necroptotic forms of death was corroborated by the discovery of key executioners such as the kinase RIP1 49 or the mitochondrial protein apoptosis-inducing factor. 50 Upon exposure of L-540 cells to perifosine and sorafenib, extensive translocation of apoptosis-inducing factor to the cytosol and marked cell death occurs. Furthermore, the induction of apoptosis or the activation of cleaved caspase in response to perifosine and sorafenib used as single agents or in combination was not observed in the HD-MyZ cell line, suggesting that in this cell line, the mechanism of action of perifosine and sorafenib is predominantly cytostatic and not cytotoxic, and may be mediated by G2 phase arrest. Additionally, Mcl-1 downregulation likely has an important functional role in the synergistic induction of cHL cell death via the simultaneous interruption of the MEK/ERK1/2 and Akt pathways using the combined perifosine/sorafenib treatment.
Modulation of the Akt and MAPK signaling pathways and their involvement in triggering apoptosis induced by perifosine and sorafenib used as single agents has been studied in a variety of cancer cell types. 18, 47, 51, 52 We report that the perifosine/sorafenib combination significantly affected the MAPK and Akt signaling pathways to a greater extent than did treatment with single agents in two out of three cell lines examined, and the potency of this effect was associated with cHL cell sensitivity to perifosine/ sorafenib-anti-lymphoma activity. Interestingly, constitutive phospho-Akt levels were lower in the less sensitive HDLM-2 cells than in the sensitive HD-MyZ and L-540 cells, suggesting that Akt activation is critical in perifosine/sorafenib-mediated cell death. 53 Although perifosine and sorafenib showed limited efficacy in vivo when used as single agents, the combination resulted in a significantly enhanced activity both in HD-MyZ-and L-540-, but not HDLM-2-bearing mice, resulting in an overall good correlation between in vitro and in vivo data.
Although sharing many key similarities with primary neoplastic cells microdissected from lymph node biopsies, cHL cell lines diplay major differences in their genome-wide expression program, including a much higher proliferation signature and a much lower interaction with the microenvironment, 54 suggesting caution when extrapolating to patients the results obtained in cHL cell lines, and indicating that new preclinical models are needed to validate more accurately the therapeutic potential of biologically based translational treatment strategies for cHL patients.
Several bona fide HL cell lines have been established, 25 and their in vitro and in vivo use in immunodeficient mice has provided substantial insights into the pathogenesis of cHL as well as models for preclinical testing of novel agents. However, several lines of evidence suggest caution when extrapolating preclinical data to the clinical setting. First, cHL in humans is a peculiar neoplastic disorder, in whom pathological lymph nodes include less than 10% tumor cells surrounded by more than 90% microenvironmental cells. Thus, in no instance cHL cell lines can Figure 8 . Proposed model of perifosine/sorafenib mechanism of action. The combined perifosine/sorafenib treatment triggers necroptotic cell death that is mediated by the production of ROS. Upregulation of TRIB3 enhanced perifosine/sorafenib pathway inhibition and ROS generation, resulting in Bax conformational change and activation, mitochondrial outer membrane permeabilization, release of cytochrome c, and AIF, ultimately leading to caspase-independent necroptosis. ricapitulate neither in vitro nor in vivo such a disease complexity. Second, despite the close resemblance in immunophenotype, cHL-derived cell lines are not generally accepted as being truly derived from Hodgkin and Reed-Sternberg or lymphocytic and histiocytic cells. Third, two cell lines (HDLM-2 and L-540) used in our study are of T-cell origin, thus reflecting a rare in vivo situation, where B-cell cases far outnumber T-cell cases. Additionally, despite being used by many authors as a cHL-derived cell line, HD-MyZ cell line differs strikingly from in situ Hodgkin and Reed-Sternberg cells, as it expresses the macrophage-associated CD68 antigen and lacks expression of CD30 and CD15, as well as rearrangement of immunoglobulin or T-cell receptor genes, thus reflecting its histiocytic derivation.
Owing to the limitations of currently available therapies, there is an urgent need for new therapeutic options for relapsed/ refractory cHL patients. 55 Drugs used in the present study are either already approved for clinical indications other than cHL or in active clinical development. The preclinical activity that we observed warrants further investigation and represents a strong rationale for phase I/II studies, combining perifosine and sorafenib treatment in cHL patients.
